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Abstract 

Sexual conflict is now recognised as an important driver of sexual trait evolution. However, due to their variable outcomes 
and effects on other fitness components, the detection of sexual conflicts on individual traits can be complicated. This 
difficulty is exemplified in the beetle Callosobruchus maculatus, where longer matings increase the size of nutritious 
ejaculates but simultaneously reduce female future receptivity. While previous studies show that females gain direct 
benefits from extended mating duration, females show conspicuous copulatory kicking behaviour, apparently to dislodge 
mating males prematurely. We explore the potential for sexual conflict by comparing several fitness components and 
remating propensity in pairs of full sibling females where each female mated with a male from an unrelated pair of full 
sibling males. For one female, matings were terminated at the onset of kicking, whereas the other's matings remained 
uninterrupted. While fecundity (number of eggs) was similar between treatments, uninterrupted matings enhanced adult 
offspring numbers and fractionally also longevity. However, females whose matings were interrupted at the onset of kicking 
exhibited an increased propensity to remate. Since polyandry can benefit female fitness in this species, we argue that 
kicking, rather than being maladaptive, may indicate that females prefer remating over increased ejaculate size. It may thus 
be difficult to assess the presence of sexual conflict over contested traits such as mating duration when females face a trade 
off between direct benefits gained from one mating and indirect benefits from additional matings. 
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Introduction 

Sexual conflict, the conflict between the evolutionary interests of 
individuals of the two sexes [1], is a fundamental driver of 
adaptation. Any trait that reduces genetic fitness in the other sex 
by definition imposes antagonistic selection on that sex for traits 
that counteract this cost [2]. Such conflicts can occur over traits 
like mating duration, where male and female adaptations and 
counteradaptations vie for sex-specific optima. Discrepancies 
between the costs of mating and resistance may 'resolve' conflicts 
in one sex's favour [3], although on a population level the linkage 
of male and female average fitness in populations at equal sex 
ratios should cause similar fitness declines in both sexes [4]. In 
other cases, ongoing revolutionary processes can ultimately leave 
contested traits largely unchanged [5], although the suboptimal 
trait state for both sexes and the costs of engaging in antagonistic 
interactions similarly reduce fitness [2]. Assessment of sexual 
conflict may be further complicated when the consequences of 
sexual interactions manifest indirecdy. This can occur when the 
direct costs of manipulation to female fecundity are outweighed by 
sexy-son-type benefits [3] or conversely when competitive males 
sire offspring of low fitness [6] . As a consequence, sexual conflicts 
may be difficult to detect, whichever way they are resolved. 

A prime illustration of the complexity involved in demonstrating 
sexual conflict can be found in the seed beetle Callosobruchus 



maculatus. In this species, mating duration increases the degree of 
damage to the female reproductive tract made by male genital 
spines [7]. Longer matings also result in the transfer of larger 
ejaculates [8,9], which confer direct benefits [10] as well as costs 
[1 1] and may contain products that suppress remating [12]. Given 
these findings, the conspicuous kicking behaviour that females 
display in the last third of the mating [13] is generally interpreted 
as an attempt to dislodge the male and limit mating duration [14]. 
Females commence kicking earlier when mating with large males, 
which transfer ejaculate at a higher rate, suggesting the onset of 
kicking marks the receipt of a threshold quantity of ejaculate [9]. 
In turn, the spiny genitalia of males have been suggested to be a 
counteradaptation to resist dislodgement by females [14], although 
recent findings suggest that their length is not associated with 
variation in mating duration [15] and they serve to promote 
coupling [16] and the transmission of seminal products through 
the wall of the female reproductive tract [17]. 

Several studies have tested the idea that C. maculatus exhibits 
sexual conflict over mating duration. While theory suggests that 
male mating effort should covary positively with female fecundity 
[18], larger (and therefore more fecund) females are able to reduce 
mating duration and thus the size of the ejaculate received [9]. 
However, females evolved in high-sexual-conflict environments do 
not exhibit reduced mating duration against standard partners, 
and variation in the onset of kicking does not affect mating 
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duration [9]. When female kicking legs are ablated, matings last 
longer and result in more damage from the genital spines [7] and 
females indeed suffer reduced fitness, although apparendy without 
any benefit to males [14]. Edvardsson and Canal [8] examined 
conflict over mating duration by either terminating matings at the 
mean onset of kicking (assumed to be the female optimum), 
preventing females from kicking (the male optimum), or leaving 
matings unmanipulated ('contested'). While the onset of kicking 
could conceivably occur earlier than the female's optimal mating 
duration because kicking does not dislodge males immediately, it 
should approach female optima. Edvardsson and Canal [8] found 
that females experience increased fecundity after male-optimal 
matings, and detected no fitness difference between female- 
optimal and contested durations, suggesting that no sexual conflict 
exists. In this previous experiment, however, treatments were set to 
rough estimates of the typical onset of kicking and the durations of 
unmanipulated and male-controlled matings, ignoring consider- 
able between-individual variation. 

Here, we examine the existence of sexual conflict over mating 
duration by manipulating mating duration and looking at its effect 
on several fitness components and remating propensity in single- 
and twice-mated female C. maculatus. Following Edvardsson and 
Canal [8], we assume that the onset of kicking indicates that 
mating duration is approaching the female optimum. We improve 
on previous designs by terminating copulations at the exact onset 
of kicking in some females while allowing copulations to end 
naturally in their siblings. Given that ejaculates have properties 
that induce a refractory period [12], we expect remating 
propensity to increase when matings are interrupted at the onset 
of kicking. However, the fitness consequences of female mating 
duration may depend on mating frequency. 

Materials and Methods 

Experimental animals were sourced from a large outbred 
population that originated from a stock culture held by the Stored 
Grain Research Laboratory of CSIRO (Canberra, Australia). 
Under Australian guidelines, animal ethics approval for research 
on this species is not required. Experimental and stock individuals 
were maintained under constant conditions at the University of 
Western Australia for approximately 4 years at 30°C under a light 
cycle of 12 h light: 12 h dark. Individuals were reared from eggs 
until adult on black-eyed beans (Vigna unguiculata) in several large 
populations of approximately 300 individuals to ensure a large 
effective population size. 

To create individuals with known relationships, 40 virgin stock 
males were mated monandrously to 40 virgin stock females. 
Females were placed in 60 ml vials with approximately 40 black- 
eyed beans and allowed to oviposit. Males were discarded. Beans 
that contained larvae were isolated in microtubes just prior to 
adult emergence. As adults emerged they were isolated in separate 
microtubes and their emergence date, sex and weight were 
recorded. For each of the 40 parental pairs, 4 male and 4 female 
offspring were retained. All experimental animals were between 
one and three days old when assayed. 

To examine the effect of female control over mating duration 
and subsequent reproductive success in once-mated females, two 
randomly assigned female siblings were mated to two male siblings 
from another family. The time taken for copulation to commence, 
the time taken for females to commence kicking, and the time for 
females to eject the aedeagus were recorded. For one of the sibling 
females, the male's abdomen was severed immediately following 
the commencement of kicking. This causes the male's aedeagus to 
deflate, allowing the female to eject the male's aedeagus more 



quickly (Kruskal-WaUis x 2 i= 53.67, P<0.0001). Male genital 
spines are located on the inflatable sac at the apex of the aedeagus 
and are exposed only upon inflation [19]. Hence, deflation of the 
sac also prevents further damage. The other sibling female's 
matings were not interrupted to reflect contested mating durations. 

To examine the effect of female control over mating on 
remating propensity and reproductive success in twice-mated 
females, we used the remaining two siblings. Females were mated 
as above and then isolated in microtubes. Here, after 24 h, the 
females were placed with a newly emerged virgin stock male and 
allowed the opportunity to remate within ten minutes. If remating 
did occur, females received the same mating treatment as on their 
first day: for one, the male's abdomen was severed at the 
commencement of kicking, whereas for her sister, the copulation 
was uninterrupted. Again, the time taken until copulation, until 
the commencement of kicking, and until the aedeagus was ejected 
from the female were recorded. 

To assess fitness consequences, females were placed into 
individual 60 ml vials containing 9 g of black-eyed beans 
immediately following the once- and twice-mated treatments and 
allowed to oviposit until death. The number of eggs visible on the 
exterior of each bean (fecundity), the number of adult offspring 
that subsequendy emerged from these beans (fertilisation success) 
and the female's longevity were recorded. 

Statistics 

Data were analysed using generalised linear mixed models, with 
family as a random factor to account for the sibling design. The 
significance of the random variable (family) was tested using log- 
likelihood tests. Data were transformed to normality for analysis, 
where appropriate. Three trials were excluded from the twice- 
mated treatment (in one trial, the couple refused to mate, and in 
the two remaining trials, experimenter error resulted in a failed 
trial). Dependent variables in linear models were power trans- 
formed to maximise normality of residuals. Interactions between 
mating treatment and frequency were non-significant in all 
analyses, and were omitted [20] . 

Results 

Remating Propensity 

For 75 females that were assigned to mate twice, only 1 1 failed 
to re-mate (6 from interrupted and 5 from uninterrupted mating 
treatments; % 2 i = 0.14, p = 0.71). To examine the mating treat- 
ment on the propensity to remate in the remaining females, we 
analysed copulation latency using mixed-effects modelling with 
female and family identity as random factors. Females whose first 
matings were interrupted at the onset of kicking commenced 
copulation considerably earlier than females that had received 
uninterrupted matings (exponent 0.32, mating xtreatment, 
X 2 i = 4.34, P = 0.037; Fig. 1), but was not affected by the female's 
age (x 2 i =0.10, P = 0.75), or her weight (x 2 i =0.13, P = 0.72). 
Exclusion of female or family identity did not affect the fit of the 
model (x 2 i = 0.27, P = 0.60, x 2 i=0.00, P= 1.00 respectively). 
Furthermore, the median latency to copulation was considerably 
longer for second matings (32s vs. 72s; %\ = 27.56, P<0.0001). 

Latency to Kicking 

The effect of mating treatment on the latency to kicking in the 
second mating was, like copulation latency, analysed using mixed- 
effects modelling to account for individual female variation. 
Kicking latency was not affected by whether the previous 
copulation duration was interrupted (exponent 0.88, mating x 
treatment, x 2 i =0.26, P = 0.61), nor the female's age (x 2 i =0.02, 
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Figure 1. The latency to mating (mean±standard error) 
increased in the second mating depending on the mating 
treatment: when a female's first mating was interrupted at the 
onset of kicking, the latency to the second mating was reduced 
(increased remating propensity). Note the exponential scale on the 
y-axis. 
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P = 0.88), or weight (x 2 i = 1.85, P = 0.17). Exclusion of female or 
family identity did not affect the fit of the model (x 2 i=0.00, 
P = 0.96, x 2 i=0-00, P=1.00 respectively). Furthermore, the 
latency to kicking was significantiy longer for second matings 



it 



= 27.56, P<0.0001) 



Female Reproductive Output 

For the 153 females that successfully mated, two single-mated 
and one double-mated female failed to oviposit. These females 
were excluded from further analysis. For females that did lay eggs, 
fecundity increased with female mating frequency (single vs. 
double medians: 77 vs. 83 eggs; exponent 2.93, % i = 8.57, 
P = 0.003), female weight (x 2 i =46.14, P<0.0001) and female age 
at first mating (% 2 \ = 5.45, P = 0.02). Fecundity, however, was not 
affected by whether the matings were interrupted (x t— 1.81, 
P = 0.18). Exclusion of family identity improved the fit of the 
model {% 2 i = 5.91, P = 0.02). 

One female laid only unviable eggs and was excluded from 
analysis of offspring production. The number of emerged offspring 
produced by a female increased when copulation duration was 
uninterrupted (exponent 2.36, / 2 i = 7.07, P = 0.008; Fig. 2), and 
with female weig ht (x 2 i= 19.13, P<0.0001). Median offspring 
numbers in uninterrupted matings were 9% greater than in 
interrupted matings (61 vs. 56 offspring, respectively). Offspring 
numbers, however, were not affected by female mating frequency 
0.53, P = 0.47) or the age of the female at her first mating 



(X 1= 1.42, P = 0.23). Exclusion of family identity did not affect 
the fit of the model (x 2 i = 0.02, P = 0.90). 

Female Longevity 

For those females that laid eggs, adult longevity was analysed. 
Longevity increased subtly but significantly when the matings were 
uninterrupted (exponent 0.005, x _ i = 5.10, P = 0.02; back-trans- 
formed means using model exponent: interrupted vs. uninterrupt- 
ed =6.98 vs. 7.05 days). Female longevity also increased with the 
age of the female at her first mating (x 2 i = 76.72, P<0.0001), and 
with female weight (x 2 i = 12.69, P<0.0001). Female longevity, 
however, was not affected by mating frequency (x 2 i=0.88, 
P = 0.35). Family identity improved the fit of the model 
(X 2 i =4.94, P = 0.03). 
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Figure 2. The number of hatched offspring produced by 
females (mean ± standard error) was greater for females when 
their first mating was uninterrupted rather than terminated at 
the onset of kicking (interrupted). 

doi:10.1371/journal.pone.0095747.g002 

Discussion 

In this study we examined whether sexual conflict over mating 
duration exists in C. maculatus by exploring the fitness consequences 
of interrupting copulations at the onset of female kicking, assuming 
this indicates that females are approaching their optimal mating 
duration. We show that some female fitness components clearly 
benefit from longer copulations. While lifetime fecundity was 
unaffected by mating duration, both in singly and doubly mated 
females, uninterrupted copulations slightly increased longevity and 
resulted in 9% greater offspring numbers. This increase in 
offspring production is unlikely to be a consequence of sperm 
limitation in matings interrupted at the onset of kicking: sperm 
transfer occurs from the start of copulation, and sperm numbers 
far exceed the requirements for fertilisation [21]. This effect thus 
appears driven by ejaculate properties associated with mating 
duration, potentially nutritional content. When mating was 
terminated at the onset of kicking, however, females had a greater 
propensity to remate. 

Previous work suggests that no conflict over mating duration 
exists in C. maculatus [8]. Indeed, our results agree that receiving 
longer matings, and the larger ejaculates that accompany these 
[9], benefit female fitness when compared to interrupted matings 
at the same mating frequency. Yet, this would suggest that female 
copulatory kicking behaviour, widespread in seed beetles, is 
maladaptive yet evolutionarily persistent. 

Stricdy speaking, the fact that long copulations enhance female 
fitness does not represent evidence for the absence of conflict over 
mating duration. For males, the benefits of extending mating 
duration, increased fecundity, fertility, and paternity share, are 
obvious [this study; 14]. Yet, for females, both larger ejaculates 
and multiple mating, especially polyandrously, benefit fitness [22- 
25], in part because both tactics provide direct benefits via 
ejaculatory water [10]. Our results indicate that, in C. maculatus, 
females clearly show adaptive plasticity in accepting male 
courtship: when first matings approached female duration optima, 
females showed a reduced resistance to remating. Although we 
could not detect an effect on the acceptance of second matings, the 
cumulative effect of female-controlled mating durations is likely to 
affect lifetime remating rates. This notion is supported by both by 
the strong link between mating duration and ejaculate size [8,9], 
and the fact that the receptivity-suppressing properties of 
ejaculates are dose dependent [21,24]. 
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Relationships between ejaculate size and remating propensity 
have been reported in other species. In the almond moth Cadra 
cauklla, for example, males transfer large spermatophores that 
inhibit female remating [26]. Females possess chitinous teeth in 
their reproductive tract, thought to be counteradaptations 
intended to break down spermatophores and promote female 
remating [27,28]. As in the Lepidoptera, females in C. maculatus 
possess teeth in their bursa [29], which may serve a similar 
function. Inhibition of female remating appears to result from 
products of the male seminal vesicle [12], although this does not 
rule out physical effects of ejaculate size. Additionally, there is 
evidence that female reproductive tract scarring increases with 
mating duration [7]. Consequently, the apparently premature 
copulatory kicking of females may indicate that they prefer to gain 
fitness benefits through increased remating rather than increased 
ejaculate size. Since remating is unlikely to occur with the same 
male [22], remating may provide indirect, genetic benefits in 
addition to direct benefits. Previous studies have shown benefits of 
polyandry over monandrous multiple mating [22], and fertiliza- 
tion success is in part mediated by the compatibility of male and 
female genotypes [30]. Yet, females that received uninterrupted 
matings in our experiment had higher fitness than those whose 
matings were interrupted. This is perhaps unsurprising, because 
our maximum mating rate (2) is less than the typical female 
lifetime mating rate in this population [8], which itself is based on 
uninterrupted matings. 

Male postcopulatory adaptations to reduce sperm competition 
often directly target female mating duration and frequency [31], to 
which females may develop a range of behavioural counter- 
adaptations. For example, a significant proportion of female hide 
beetles (Dermestes maculatus) are able to dislodge mating and mate- 
guarding males to gain benefits associated with polyandry [32]. 
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and increased remating in C. maculatus, it is unclear to what extent 
these are realised in a natural context. Although multiple studies 
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